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and even municipal efﬂuents. In many cases, source-different water
usually has a distinct isotopic and geochemical composition, allowing
researchers to delineate and quantify the contributions of various
source water components. For example, many researchers use oxygen
and/or hydrogen isotopes for investigating storm hydrographs
(Hooper and Shoemaker, 1986; Kennedy et al., 1986; Buttle, 1994;
Harris et al., 1995; Machavaram et al., 2006), surface-ground water
interactions (Turner et al., 1987; McKenna et al., 1992; O'Driscoll et al.,
2005; Lee and Kim, 2007), and integration of upstream waters
(Winston and Criss, 2003; Cartwright et al., 2004; Farber et al., 2004).
These studies demonstrated the usefulness and applicability of stable
isotopes as conservative tracers for hydrologic studies.
In arid and semiarid climates, surface waters are subject to intense
evaporation. As a result, the isotopic composition of surfacewaters canbe
modiﬁed signiﬁcantly due to diffusion-induced fractionation during
evaporation (Cappa et al., 2003). For example, Simpson and Herczeg
(1991) estimated that the amount of evaporative water losses from river
channel surface and irrigated lands could be up to 40% of water release
from reservoir storage. Gammons et al. (2006) presented evaporation
calculations based on δ18O and δD data, showing that 25–50% of water
losses occur in warm seasons. Phillips et al. (2003) employed environ-
mental tracers, such as δ18O, δD, Cl, and Cl/Br, to investigate the causes of
salinization of the Rio Grande. Their results indicate that Cl/Br, δ18O and
δD increase with ﬂow distance from the upper basin downward,
suggesting the presence of evaporative enrichments and saline discharge
fromdeepgroundwater aquifers. Our previous analyses fromstreamﬂow
and chemical data from the Pecos River show that although there are a
few reaches affected by salty water gain from and surface water loss to
local groundwater aquifers, evaporative concentration and freshwater
dilution are the prevailing mechanisms controlling its water chemistry
(Yuan and Miyamoto, 2005).
It is always desirable to quantify the degree of evaporative
concentration and /or freshwater dilution through isotopic and
chemical analyses. In reality, many tracer-based studies are hindered
by uncertain, equivocal and/or indiscernible footprints of various
hydrologic components and processes. In the lower Pecos River, for
example, O-18 enriched river water can be caused by either
evaporative concentration or mixture with isotopically heavier runoff
from warm-season Mexican monsoonal rainfall. In this paper, we
employ a dual isotopic index, deuterium excess (d-excess=δD–8δ18O)
(Dansgaard, 1964), and present a simple d-excess based hydrologic
model to estimate the amount of water loss due to evaporation and the
amount of water gain from local freshwater sources.
As part of multi-institutional efforts to develop a baseline
assessment for the Pecos River, data on isotope hydrology and major
ion chemistry have been generated. Combined with existing δ18O and
δD data of the river water collected between 1984 and 1988 by the U.S.
Geological Survey (Coplen and Kendall, 2000; Kendall and Coplen,
2001), we report here our attempts to identify and explain patterns of
spatial and temporal variations in δ18O and δD of the Pecos River
system. Speciﬁcally, we compare the isotopic composition of river
waters with that of groundwater and precipitation in the region,
examine the relationship of δ18O and δD against the global meteoric
water line (GMWL) (Craig, 1961), and present a simple d-excess based
binary hydrologic model to estimate the relative contribution of
various hydrologic components and processes that shape the stream
Fig. 1. Map showing the Pecos River drainage basin (a) and its adjacent areas (b).
hydrology. Additionally, the relationship of d-excess and electrical
conductivity of surface waters is discussed.
2. Study area
The Pecos River stretches over 1400 km from the southern slope of
the Sangre de Cristo Mountains to the conﬂuence with the Rio Grande
near Langtry, Texas (Fig. 1). The topography consists of mountain
pastures in the north, with an elevation of around 4000 m above sea
level, to grasslands, irrigated farmlands, desert with sparse vegetation,
and deep canyons in the lowermost reaches of the river (Hayter,
2001). Slopes in the middle part of the river tend to be gentle and
slopes in the uppermost and lowermost appear to be much steeper
(Fig. 2). The bedrock underlying the drainage basin consists of a
variety of rocks with ages from Proterozoic to Quaternary, including
granites, conglomerates, sandstones, mudstones, and limestones.
Evaporites like gypsum pellets, anhydrites and halite minerals occur
in several different geological formations (e.g., the Santa Rosa, the
Castile, and the Salado formations) (Sidwell and Warn, 1953).
The Pecos River spans across several different hydro-climatological
zones with distinct vegetation communities such as alpine tundra,
evergreen needle-leaf forest, shrubland, and grassland (RSI, 2006).
Annual precipitation is on average ~30 cm although it could exceed
70 cm in the mountainous headwater areas (Thomas, 1963; Phillips
et al., 2003). There are basically twomajor meteoric water sources, the
snowmelt fromwinter storms in mountainous headwater regions and
the runoff from local, intense convective activities (thunderstorms) in
the lower valley. The two moisture masses from the Paciﬁc North and
the Gulf of Mexico usually generate precipitationwith distinct isotopic
signatures (Rozanski et al., 1993; Welker, 2000a). There are several
relatively small dams constructed in the middle part of the river, such
as Santa Rosa, Sumner, Brantley, and Red Bluff, for ﬂood control and
irrigation purposes. Stream ﬂow in the river is highly regulated on the
basis of irrigation demands, reservoir storage, andweather conditions.
As a result, reduction in stream ﬂow results in low hydrologic
connectivity of the river, especially in the lower valley.
The TDS contents of the riverwater, ranging frombelow 500mg L−1
in the uppermost valley to over 10,000 mg L−1 at Girvin and back to
1500 mg L−1 at Langtry, Texas, are primarily controlled by dissolution
of ancient evaporites, evaporative enrichments, and freshwater
dilutions (Yuan and Miyamoto, 2005). The majority of dissolved salts
contributed to the river are from the upper basin (above Artesia)
through dissolution of evaporites. A water chemistry record from the
lower Pecos River near Langtry, Texas back to 1935 displays a distinct
pattern of decadal variability similar to the Paciﬁc Decadal Oscillation
(PDO) (Mantua et al., 1997), in which stream salinity is overall above
average when the PDO is in positive (warm) phase and below average
when the PDO is in negative (cold) phase (Yuan et al., 2007).
3. Methods
Water samples were collected from over a dozen locations along
the Pecos River and its tributaries for oxygen and hydrogen isotopic
and geochemical analyses. The sampling was carried out during non-
irrigation (March and May, 2005) and irrigation (July 2005) periods.
Most of the sampling sites selected coincide with the existing gauging
stations of the U.S. Geological Survey or the monitoring stations of the
Texas Commission on Environmental Quality (Fig. 1).
These water samples were collected in 125 ml high-density
polyethylene (HDPE) wide-mouth round bottles for isotopic analyses
and in 500 ml HDPE wide-mouth round bottles for chemical analyses.
Prior to sampling, brand newHDPE bottles were treated with 10% HCl,
washedwith deionizedwater at least three times, and re-washed three
times in-situ using stream water. Water samples were hand-dipped
along the river shore at a water depth of 10–15 cm where relatively
clean andﬂowingwater presented. Sample bottleswereﬁlled slowly in
full to minimize post-sampling alteration in water isotopic composi-
tion. Water samples were stored immediately in an ice box.
Water pH, temperature, and electrical conductivityweremeasured in-
situ using a handheld meter with probe. The chemical analyses of the
water samples collected were performed at Southwest Environmental
Laboratories, Inc., in accordance with the EPA and SW 846 Solid Waste
methodprocedures (USEPA,1974). Theanalytical errorswere4% foranions
and 13% for cations. The samples collected for oxygen and hydrogen
isotopic measurements were transported with ice bags and refrigerated
until laboratory analysis. The isotopic compositions (δ18O and δD) of the
sampleswere determined at the Environmental Stable Isotope Laboratory
of the Duke University, using a Thermo Finnigan TC/EA with GC-PAL
autosampler attached to a Thermo FinniganDelta PlusXL continuous ﬂow
mass spectrometer via a Conﬂo III interface. The isotopic values are
reported using the standard δ notion relative to the NIST / IAEA reference
materials V-SMOW. The analytical precision was ±0.1‰ and ±1.5‰ for
δ18O and δD, respectively.
4. Results
The stable isotopic and water chemical compositions of the Pecos
River, Delaware Creek, and Salt Creek collected for this study are listed
in Table 1. All water samples are weakly alkaline (pH=7.5–8.5) except
for the samples taken at Mentone during non-irrigation periods
(pH=9.1–9.3). The results of isotopic measurements show a consider-
ably largemagnitudeof variations, rangingbetween−8.9‰ and3.6‰ in
δ18O, andbetween −64.5‰ and1.6‰ in δD.Mostwater samples contain
a negative value of d-excess. The TDS values range from 5135 mg L−1
to 14,830 mg L−1.
There is overall an increasing trend of δ18O and electrical conductivity
from Artesia to Girvin during the non-irrigation periods (Fig. 3a and c).
δ18O decreases slightly in the reach between Artesia and Brantley Dam,
then increases persistently from Brantley to Red Bluff Dam. There is a
negative excursion of δ18O in the reaches between Red Bluff and Pecos,
coinciding with a positive excursion of electrical conductivity (Fig. 3a).
Both δ18O and electrical conductivity decrease in the reach between
Girvin and Shefﬁeld. Ionmolar ratios of Cl/SO4,Mg/Ca, andNa/Cl increase
progressively from Artesia to Shefﬁeld, with coincident positive excur-
sions in the reaches between Red Bluff and Pecos (Fig. 3b). There exist
overall different trends in spatial variations inwater temperature ofwater
Fig. 2. Changes in the USGS' datum of selected gages along the Pecos River. Although
arbitrary in nature, the gage datum was selected below the elevation of zero ﬂow to
eliminate the possibility of negative ﬂow values (Buchanan and Somers, 1982).
Examination of the USGS online data of ﬂow discharge and gage height at many
stations indicates that the distance between river bed and gage datum is within 1 m.
Distances from the conﬂuence of the Pecos River and the Rio Grande were estimated by
using Google Earth. The gage data were taken from the USGS online database — the
National Water Information System (NWIS).
samples collected in March and May, but coincident increases or
decreases are present (Fig. 3a and c).
δ18O and δD of water samples collected during the irrigation period
are generally larger than δ18O and δD of water samples collected during
the non-irrigation period (Table 1). There is a similar pattern of
variations in δ18O and electrical conductivity, in which δ18O changes
slightly in the reaches above Coyanosa, increases signiﬁcantly in the
reach between Coyanosa and Girvin, and decreases substantially in the
reach between Girvin and Shefﬁeld (Fig. 3d). There are some noticeable
differences in the two curves. In the reach between Malaga and Red
Bluff, forexample, δ18O increaseswhile electrical conductivity decreases.
In the reach between Pecos and Coyanosa, δ18O increases slightly while
electrical conductivity increases substantially. The river water appeared
to be warmer in the upper reaches during this sampling period. But the
water samples at Girvin are consistently cooler than those at Shefﬁeld
during the three sampling periods (Fig. 3a, c, and d).
The water samples collected from the two tributaries contain
contrasting isotopic and chemical compositions, differing from the
waters of the main stem (Table 1). Delaware Creek is featured by low
TDS (3120 mg L−1), more negative values of δ18O and δD, and high ion
molar ratio of sodium to chloride (Na/Cl=1.06), whilst the Salt Creek is
characterized by high TDS (10,711–14,520 mg L−1), variable δ18O and
δD, and high ion molar ratio of chloride to sulfate (Cl/SO4=5.93).
5. Discussion
5.1. δ18O and δD variations in precipitation, surface water, and ground
water
The Pecos River generally has two major water sources, namely the
snowmelt from winter precipitation and the runoff from warm-season
monsoon rainfall. The winter precipitation is usually associated with the
cyclonic disturbances derived from the PaciﬁcNorthwhile themonsoonal
rainfall is developed under the inﬂuence of moist, conditionally unstable
air fromtheGulf ofMexico (Tuanet al.,1969). The averagevalues of δ18O in
precipitation derived from the Paciﬁc North and the Gulf of Mexico are
Table 1
Analytical results of stable isotope and major element compositions of the Pecos River and selected tributaries
ID# Sampling Location δ18O δD d HCO3 Cl SO4 Ca Mg K Na TDS
1 Artesia, NM
March 7, 2005 −6.0 −48.4 −0.5 132 2302 1905 640 215 16 1785 6884
May 6, 2005 −4.8 −39.5 −0.9
2 Brantley Dam, NM
March 7, 2005 −6.6 −51.1 2.1 126 1659 1533 505 160 12 1160 5135
May 6, 2005 −4.9 −42.1 −3.1
3 Malaga, NM
March 7, 2005 −5.9 −45.4 1.6 132 1941 1487 477 165 40 1355 5152
May 6, 2005 −4.1 −36.4 −3.8
July 12, 2005 −1.9 −28.9 −14 102 2804 1922 7630
4 Red Bluff , NM
March 8, 2005 −5.3 −42.6 −0.6 127 1238 1222 355 130 23 955 3995
May 6, 2005 −3.2 −29.1 −3.4
July 12, 2005 −1.3 −20.7 −9.9 78 2122 1651 5960
5 Red Bluff Dam, TX
March 8, 2005 −4.2 −35.0 −1.6 146 1887 1411 400 142 42 1490 5187
May 6, 2005 −2.1 −23.9 −7.3
July 12, 2005 −1.4 −22.4 −11 90 1689 1336 5320
6 Orla, TX
March 8, 2005 −5.3 −43.4 −0.8 134 4914 2335 550 215 80 4310 11,358
May 6, 2005 −2.6 −26.5 −5.6
July 12, 2005 −1.8 −23.9 −9.2 102 1764 1429 5430
7 Mentone, TX
March 8, 2005 −4.8 −40.4 −2.3 48 4748 2282 515 225 70 4205 10,921
May 7, 2005 −2.4 −27.3 −8.4
July 12, 2005 −1.6 −22.1 −9.4 102 1880 1504 5410
8 Pecos, TX
March 8, 2005 −3.1 −29.7 −4.6 98 2629 1788 471 185 53 2215 6909
May 7, 2005 −2.0 −23.2 −7.1
July 12, 2005 −1.6 −23.2 −11 222 1736 2467 5320
9 Coyanosa, TX
March 8, 2005 −3.4 −32.0 −5.1 101 4282 2260 565 260 76 3785 10,537
May 7, 2005 −1.2 −21.1 −12
July 12, 2005 −1.3 −20.3 −9.7 126 3823 2521 10,500
10 Girvin, TX
March 8, 2005 −2.9 −30.4 −6.8 151 5762 3018 635 390 98 5050 14,516
May 7, 2005 −0.4 −17.2 −14
July 12, 2005 3.6 1.64 −27 54 5186 3124 14,830
11 Shefﬁeld, TX
March 8, 2005 −3.9 −33.5 −2.1 173 3987 2124 495 300 66 3600 10,048
May 7, 2005 −3.1 −27.2 −2.0
July 12, 2005 −3.3 −25.5 1.0 192 1733 906 4360
12 Delaware Creek, NM
March 7, 2005 −6.3 −42.4 8.0 162 198 1822 580 121 5 211 3120
May 6, 2005 −5.7 −38.8 7.0
13 Salt Creek, TX
March 8, 2005 −8.9 −64.6 6.8 115 4311 1965 480 176 51 4075 10,711
May 6, 2005 −2.2 −24.8 −7.3
July 12, 2005 −1.5 −23.7 −12 114 5451 2966 14,520
δ18O and δD are in ‰ SMOW. All cation, anion and TDS concentrations are in mg L−1.
−7‰ and −3‰, respectively (Welker, 2000a). Thus, there is a seasonal
variation in δ18O and δD of precipitation, as observed between 1976–1978
at Roswell, NewMexico (Hoy and Gross, 1982; Chapman et al., 1992). The
δ18O ranged from −0.5‰ in summer to −13‰ in winter, with a weighted
average of −6.0‰.
The InternationalAtomicEnergyAgency (IAEA, 2004), in cooperation
with the World Meteorological Organization (WMO), has maintained a
database that contains oxygen and hydrogen isotopic contents of
precipitation, and other related physical data such as the amount of
precipitation, air temperature, and vapor pressure, etc. There are three
IAEA/WMO stations close to the study area, namely Flagstaff (Arizona),
Waco (Texas), and Chihuahua (Mexico). Fig. 4 shows seasonal changes in
the δ18O and amount of precipitation in the three stations. δ18O of
precipitation is in general lower in winter than in summer months
although there are relatively large variations. The average values of δ18O
at Flagstaff and Waco are −7.8‰ and −3.8‰ (Table 2), which are
consistent with the average values of δ18O in precipitation derived from
the Paciﬁc North and the Gulf ofMexico. The precipitation at Chihuahua
is concentrated in summer months (July to September), indicating the
dominance of the Mexican monsoonal rainfall (Adams and Comrie,
1997). But the average δ18O value is −6.5‰, which is signiﬁcantly lower
than the average δ18O value of precipitation atWaco. This is largely due
to effects of altitude (Friedmanet al.,1964). Additionally,Welker (2000b)
documented the isotopic data of the monitoring sites by the National
Atmospheric Deposition Program (NADP). One of the closest sites is in
the Mesa Verde National Park (MVNP), Colorado. The average values of
δ18O and δDat this site are −12.2‰ and −88‰, respectively. These values
are among the lowest in this region.
The average δ18O and δD values of precipitation at the MVNP site
are likely to represent the overall isotopic composition of precipitation
in the mountainous headwater region of the Pecos River. This is due to
1) that the MVNP is geographically closer to the headwater region of
the Pecos River, 2) that both are situated in similar topographical
settings of the southern Rocky Mountains, and 3) that the river water
at Santa Rosa contains a distinct isotopic signature that is comparable
to precipitation of the MVNP site (Table 2). The average values of δ18O
of the river water from Artesia to Shefﬁeld are almost identical to the
average values observed at Red Bluff and Langtry but signiﬁcantly
Fig. 3. Downstream changes inwater temperature (T), electrical conductivity (EC), δ18O, and ion molar ratios. (a) Comparison of T, EC and δ18O of water samples collected in March 7–
8, 2005. (b) Comparison of ion molar ratios of Cl/SO4, Mg/Ca and Na/Cl for water samples collected in March 7–8, 2005. (c) Comparison of T, EC and δ18O of water samples collected in
May 6–7, 2005. (d) Comparison of T, EC and δ18O of water samples collected in July 12, 2005.
larger than the average values at Santa Rosa. It is worth noting that
there is no difference in the average δ18O value but a signiﬁcant
difference (8‰) in the average δD value of river waters between Red
Bluff and Langtry. This highlights the necessities of the incorporation
of deuterium composition in the distinction of surface water
variability from the effects of evaporation (Gibson et al., 2005).
Fig. 4. Box and whisker charts of δ18O and amount values of precipitation of samples from three IAEA/WMO monitoring sites: Flagstaff, Arizona (upper panel); Waco, Texas (middle
panel); Chihuahua, Mexico (lower panel).
Table 2
Statistics of isotopic compositions of precipitation, stream water, and ground water in the Pecos River and its adjacent regions
δD δ18O d
Period Min Max Mean 1−δ Na Min Max Mean 1−δ Na Min Max Mean 1-δ Na
Meteoric precipitation
Flagstaff, AZb 1961–1974 −158 11 −63 31 97 −20.4 4.6 −7.8 4.9 110 −33 56 1.1 13 97
Waco, TXb 1962–1976 −68 18 −20 18 96 −9.9 2.7 −3.8 2.7 96 −10 25 10 6.8 96
Chihuahua, MXb 1962–1988 −97 10 −44 25 126 −14.3 0 −6.5 3.4 131 −13 27 8.5 7 125
Mesa Verde, COc 1989–1993 −180 1.5 −88 44 84 −20.5 −1.5 −12.2 6.1 20 −6 12 6.9 5.4 15
River water
Santa Rosa, NMd 1987 −84 −73 −78 5 5 −11.8 −10.2 −10.8 0.7 5 7 10 8.4 1.2 5
Red Bluff, NMd 1984–1987 −50 −23 −37 7 17 −6.6 −1.5 −4.1 1.4 17 −13 16 −3.7 4.5 17
Langtry, TXd 1984–1987 −36 −21 −29 4 18 −5.2 −2.8 −4.1 0.8 18 −1 7 3.7 2.3 18
Artesia-Shefﬁelde 2005 −65 2 −30 13 39 −8.9 3.6 −3.1 2.3 39 −27 8 −5.5 6.8 39
Groundwater
Trans-Pecosf 2004 −66 −48 −56 5 13 −9.2 −6.8 −8 0.7 19 6 11 8.8 1.5 13
a N denotes for the number of observations.
b IAEA (2004).
c Welker (2000a,b).
d Coplen and Kendall (2000).
e This study.
f Uliana et al. (2007).
Studies of groundwater in this region show a relatively uniform
isotopic signature. For example, the average δ18O and δD values of well
waters of the principal artesian aquifer in the Roswell basin are −8.0‰
and −51‰ (Hoy and Gross, 1982). The average δ18O and δD values of
well and spring waters from the Trans-Pecos, Texas were found to be
almost identical (Table 2) (Uliana et al., 2007). The averaged values fall
within the range of δ18O and δD variations observed in surface and
meteoric waters. The relatively small range of δ18O and δD in well and
spring waters is due to the mixing effects from long groundwater ﬂow
paths (Hoy and Gross, 1982).
5.2. Relationship of δ18O and δD
The δ18O and δD composition of meteoric waters has long been
known to vary in a systematic manner, in which the majority of rain
and snow samples fall close to the global meteoric water line (GMWL,
δD=8δ18O+10) (Craig, 1961; Rozanski et al., 1993). In fact, the exact
relationship between δ18O and δD of precipitation changes from
geographical region to region, depending on local climatic conditions
(Hoefs, 1996). The relationship between δ18O and δD of precipitation
from the three IAEA/WMO stations is shown in Fig. 5a. Most of the
isotopic data points fall close to the GMWL. Some points from Flagstaff
fall below the GMWL, which is commonly interpreted to indicate the
effects of evaporation (Harvey and Welker, 2000; Welker, 2000a;
Harvey, 2005). Although there are varying degrees of overlapping, the
isotopic data points fromWaco, Chihuahua and Flagstaff tend to fall in
the upper, middle, and lower ends, respectively.
The relationship between δ18O and δDof surface and groundwaters
in the Pecos River basin is shown in Fig. 5b. The majority of surface
waters from the Pecos River fall below the GMWL and form an
evaporation line. The isotopic data collected from the Pecos River
duringwintermonths fall close to the GMWL, indicating a reduction of
evaporation in winter. Surface waters from the Pecos River at Santa
Rosa, Salt Creek (March), and Delaware Creek (March and May) fall on
or very close to the GMWL. This is interpreted to indicate different
water sources. The river water at Santa Rosa appears to be dominated
by snowmelt in the headwater mountainous region, whilst the stream
water in the two creeks is dominated by the groundwater component
during the sampling period. However, the water samples from the Salt
Creek duringMay and July fall below the GMWL, almost indistinguish-
able from the water above the Red Bluff Dam. This indicates that the
groundwater sources of the Salt Creek are affected by the seepage of
the Red Bluff Reservoir, especially during the irrigation season when
the reservoir is in higher stages.
The ground waters from the Trans-Pecos and the Roswell basins
fall on the GMWL, with average δ18O and δD of −8‰ and −55‰. The
averaged values of δ18O and δD of ground waters are signiﬁcantly
lower than the average values of δ18O and δD of precipitation observed
at Roswell, NewMexico (Hoy and Gross, 1982) and Chihuahua, Mexico
(Table 2). The lower isotopic values of the ground waters are
interpreted to indicate the presence of water that recharged during
the cooler climate of the late Pleistocene (Darling, 1997; Uliana et al.,
2007). This notion appears to be consistent with the long residence
time of ground waters found in the Roswell basin (Hoy and Gross,
1982) and in the northern Delaware basin (Lambert and Harvey,1987).
However, this does not necessarily imply that all ground waters in the
region have a common origin of the late Pleistocene. In fact, there is a
line of evidence supporting that modern meteoric water recharge
occurs (Chapman et al., 1992; Campbell et al., 1996). In the Roswell
Basin, for example, tritium activity measurements of ground waters
indicate that a substantial amount of the snowmelt recharge occurs
near the western basin edge (Gross et al., 1982).
5.3. Characteristics of d-excess
The d-excess is deﬁned as d=δD−8δ18O, which is the intercept of
theGMWL (Dansgaard,1964). On the global scale, the d value is close to
10 for meteoric waters due to slower diffusion of H218O relative to H216O
(D(H218O)/D(H216O)=0.9691) than HD16 O relative to H216O (D(HD16O)/D
(H216O)=0.9839) during evaporation occurring at the air-sea interface
(Cappa et al., 2003). However, the d value can vary signiﬁcantly from
geographical region to region. For example, precipitation in the Great
Lakes regionusuallyhasadvalueover10due to recycledwatervapor inputs
(Koster et al.,1993; Gat et al.,1994;Machavaram and Krishnamurthy,1995).
Fig. 5. Relationships of δD and δ18O in meteoric, surface, and ground waters. (a) Meteoric waters at Flagstaff, Arizona (blue open circles), Waco, Texas (red open squares), and
Chihuahua, Mexico (black open triangles) from the IAEA database (IAEA, 2004). (b) Surface and ground waters from the Pecos River basin. The black open triangles denote the
groundwater isotopic data from the Trans-Pecos region (Uliana et al., 2007) and the larger gray ﬁlled dot stands for the average values of δD and δ18O of the principal artesian aquifer
in the Roswell basin, NewMexico (Hoy and Gross, 1982). The δD and δ18O data of the Pecos River are from the U.S. Geological Survey (blue open squares) (Coplen and Kendall, 2000)
and this study (red open circles).
In the southern Rocky Mountains, some of the precipitation samples turn
out to have d values signiﬁcantly below 10, even negative. Researchers
commonly discard samples with anomalous low d values (e.g., db3‰) due
to the suspicion of a probable interference from post-precipitation
evaporation (Harvey and Welker, 2000; Welker, 2000a; Harvey, 2005).
However, careful examination by Gammons et al. (2006) indicates that at
least some of the anomalous samples are not signiﬁcantly affected by post-
precipitationorpost-samplingevaporation. This implies that theanomalous
samples are derived from local isolated moist air masses with anomalous
low d values. In fact, the d value of water vapor is a function of humidity,
surface temperature, isotopic compositions of ambient water vapor and
evaporatingwater. Calculationsusing thesteady-stateevaporationmodelby
Cappa et al. (2003) indicate that water vapor with low d values is likely to
occur at high humidity, high d values of ambient air masses, and/or low d
values of evaporating waters. The average d values of groundwater range
from 8–13‰. Precipitation from the entire region except Flagstaff also
contains a uniform signal, with an average value ofd close to 10‰ (Table 2).
Fig. 6 shows temporal changes in δ18O and d-excess at the three
USGS sites. At the sites of Red Bluff and Langtry, δ18O of river water
overall increases in summer and decreases in winter, similar to the
pattern of δ18O variations in local precipitation observed at Roswell,
New Mexico (Hoy and Gross, 1982; Chapman et al., 1992). In reality,
the δ18O of river water is on average 2‰ heavier than that of local
precipitation, 4‰ heavier than that of ground water, and probably 8‰
heavier than that of the mountainous headwater. The heavier δ18O in
river water indicate the presence of evaporative enrichment. On the
other hand, the two δ18O records of river water have a similar pattern
of variability but a slight difference in the amplitude of variations (Fig. 6a).
The amplitude of variations in δ18O of river water may be related to the
amount of streamﬂow discharge. The discharge of the Pecos at Langtry is
on average 2 times larger than the discharge at Red Bluff (Yuan and
Miyamoto, 2005). The relatively large discharge at Langtry tends to
dampen the effects of evaporation.
The relatively low d values of river waters in the reaches between
Artesia and Shefﬁeld are generally induced by watershed-related
evaporative enrichments instead of “evaporated” precipitation with
anomalous low d values. Fig. 7 shows downstream changes in d during
non-irrigation and irrigation periods. d overall decreases from Artesia
to Girvin but there are several important increases in d during non-
irrigation periods. The decreases of d are due to in-stream evaporative
enrichments while the increases are caused by dilution of reservoir
storage, event precipitationwater, and ground water. For example, the
increase of d between Red Bluff Dam and Orla in the March sampling
period can be explained by surface water input from the Salt Creek
(d=6.7‰). However, the increase of d in this reach during the May
sampling period can not be explained by the input from the Salt Creek
alone as thewaters fromSalt Creek and themain stemat Red Bluff Dam
are almost isotopically identical. This suggests that there may be other
water sources (e.g., event precipitation water) present in this reach.
During the irrigation period, d, like δ18O (Fig. 3c), maintains its values
around −10‰ from Red Bluff to Coyanosa. This pattern of variability in
d may be explained by the mixing of stream water with irrigation
waters. The relatively low d values of river waters upstream at Malaga
and downstream at Girvin are interpreted to indicate the presence of
irrigation return ﬂow which usually contains high levels of TDS and
isotopic composition due to in-ﬁeld evaporation. The increases of d in
the reach between Girvin and Shefﬁeld are probably resulted from
surface or subsurfacewater sources because the concomitant increases
in water temperature in this reach reduce the probability of deep
ground water inputs.
Fig. 6. Temporal changes in δ18O (left) and deuterium excess (right) of river water at Santa Rosa (open squares), Red Bluff (ﬁlled dots) and Langtry (open circles). Original data were
taken from Coplen and Kendall (2000).
Fig. 7. Downstream changes in deuterium excess of water samples collected from the
main stem of the Pecos River in March (solid squares), May (open circles) and July (solid
diamonds) of 2005.
On the basis of long-term ﬂow and geochemical data, Yuan et al.
(2007) concluded that the hydrological system of the Pecos River
changes signiﬁcantly from the upper basin downward, as expressed by
low hydrologic connectivity, which results from a combination of
natural and anthropogenic factors (different climatic settings, diverse
topographical gradients, various degrees of water impoundments and
diversions). Such changes in the hydrologic system are also reﬂected
by the distinct isotopic composition of the river water. In the
headwater region, for example, the Pecos River fed by snowmelt
from winter precipitation on the mountainous areas is fast ﬂowing
due to the steep slope, with minimal impacts from evaporation. As a
result, the streamwater is characterized by relatively low δ18O and δD,
and high d values. Minimum of δ18O and maximum of d occurred in
May 1987 (Fig. 6), coinciding with the timing of the peak discharge
from snowmelt. The middle part of the Pecos River basin from Santa
Rosa to Girvin is topographically gentle, in which the majority of
manmade disturbances (water impoundments and diversions) occur.
The isotopic composition of the river water usually increases
substantially from upstream to downstream and from cold to warm
seasons due to the effects of evaporation. The lower valley of the Pecos
River receives a substantial portion of ﬂow from local monsoonal
rainfall and its hydrological regime is quite different from other parts
of the river system. The hydrologic difference is reﬂected by d-excess
instead of δ18O. The average δ18O value of the river water at Red Bluff is
identical to that at Langtry, but the average δD value of river water at
Red Bluff is signiﬁcantly lower than that at Langtry (Table 2).
Accordingly, the majority of d-excess values from Langtry are positive
whilemost of d-excess values from Red Bluff are negative (Fig. 6b). The
reason why δ18O fails to differentiate the distinct hydrologic regimes
is because the evaporative enrichments increase the δ18O value of the
riverwater upstreamclose to that of theMexicanmonsoonal rainfall, i.e.,
the evaporationmakes the δ18O of riverwater upstreamand local runoff
indistinguishable. In contrast, d-excess is capable of differentiating
the water sources because the average d value of local precipitation
is signiﬁcantly larger than that of the river water upstream.
5.4. d-excess based hydrologic modeling
Stable isotope data has been used to estimate various water
components that contribute to the stream ﬂow (Buttle, 1994;
Machavaram et al., 2006) and atmospheric air masses (Gat et al.,
1994; Machavaram and Krishnamurthy, 1995), and water losses
through evaporation (Simpson and Herczeg, 1991; Gammons et al.,
2006). These studies usually require a common assumption that
various hydrologic components have distinct isotopic composition. As
discussed above, d-excess is an ideal index that is capable of
hydrologic separation for the Pecos River. Under some special
circumstances, a simple d-excess based binary model may be
applicable to estimate the percentage of evaporative water losses or
the percentage of local runoff inputs.
Assuming that there is not a signiﬁcant amount of evaporative loss
and ground water loss in a river reach, the relative contribution of
local runoff over the total stream ﬂow may be estimated by the
following equation.
f ¼ dd−du
dl−du
ð1Þ
where du is the d-excess of river water upstream
dd is the d-excess of river water downstream
dl is the d-excess of local rainfall inputs
f is the fraction of local rainfall inputs.
Previous analyses of stream ﬂow and major ion chemistry of the
Pecos River (Yuan and Miyamoto, 2005; Yuan et al., 2007) indicate that
there is a substantial amount of local freshwater from warm-season
monsoonal rainfall in the reach between Girvin and Langtry. To
determine the fraction of local freshwater inputs in this reach, we
assigned dd=3.8‰ as the average d value of the river water at Langtry
during the period of 1984–1987 (Table 2), dl=10‰ as the average d value
of precipitation derived from theGulf ofMexico (Table 2), and du as thed
values (−6.8‰ in March, −14‰ in May, and −27‰ in July) of the river
water at Girvin (Table 1). The calculated fraction of local freshwater
inputs over the total streamﬂowranges from63% inMarch to74% inMay
to 83% in July. Note that the average absolute error is estimated to be
±10%, using one standard deviation (1−σ) of dd as±2.3‰. The error
would be substantially reduced if concomitant isotopic composition of
the riverwaterat Langtrywere analyzed.Nevertheless, the results of this
simple calculation further attests that the majority of water inputs are
derived from local freshwater sources, particularly in the warm
monsoonal seasons.
On the other hand, provided that there is neither signiﬁcant
tributary nor ground water gain in a river reach, the amount of water
losses through evaporation may be estimated through the following
equation.
f ¼ du−dd
de−dd
ð2Þ
where du is the d-excess of river water upstream.
dd is the d-excess of river water downstream.
de is the d-excess of water vapor evaporating from stream
channels and irrigated ﬁelds.
f is the fraction of water losses.
This d-excess based binary model may be used to estimate the
amount of evaporative water loss between Red Bluff and Girvin. We
assigned du=−4.7‰ (Table 1) as the average d value of the river water
at Red Bluff, New Mexico, de=40‰ as estimated using the Cappa et al.
(2003) evaporation model, and dd as the d values (−6.8‰ in Match,
−14‰ in May, and −27‰ in July) of the river water at Girvin. The
calculated fraction of evaporative water loss between Red Bluff and
Girvin ranges from 5% in March to 17% in May to 33% in July. Because
Fig. 8. Relationship of deuterium excess and electrical conductivity of water samples
collected from the main stem of the Pecos River in March (lower panel), May (middle
panel) and July (upper panel) of 2005.
there exist tributary water inputs (e.g., Delaware Creek and Salt
Creek), the results of this calculation may be somewhat conservative.
Additionally, long-term gauged ﬂow data indicate that there is on
average about 65% of water losses that occur in this reach (Yuan and
Miyamoto, 2005). The percentage difference suggests that near or
more than half of the total water losses are due to recharge of ground
water occurring in this reach. This notion is in line with the results of
the early ﬁeld experiments by Grozier et al. (1966). The modeling
uncertainties depend on the degree of ﬂuctuations in d-excess in
various water components. As illustrated in Fig. 6b, the amplitude of
d-excess variability at Red Bluff is larger than that of d-excess
variability at Langtry. The absolute error of model results may exceed
±10%. Thus, this simple binary d-excessmodel may be used for a rough
estimate of water loss or gain in a given reach.
5.5. Relationship of d-excess and electrical conductivity
There exists a statistically signiﬁcant correlation between d-
excess and electrical conductivity of river waters from the main stem
of the Pecos River during the three sampling periods (Fig. 8). The d is
inversely correlated with the electrical conductivity, indicating that
the river water with more negative value of d tends to be saltier. The
signiﬁcant correlation between d and electrical conductivity high-
lights the role of evaporative enrichments in regulating stream
isotopic and geochemical composition. But there exist many
irregularities. In addition, the regression varies from sampling period
to period. For example, the regression slope increases substantially
from 0.37 in March to 0.61 in May to 1.40 in July, with increasing
range of variability in d-excess (Fig. 8). The July samples appear to be
less salty but have more negative values of d-excess. The d-excess
parameter is more sensitive than electrical conductivity in response
to the intensive evaporative enrichments during irrigation periods.
Note that the averaged sampling water temperature increased
signiﬁcantly from 16.4 °C in March to 21.7 °C in May to 28.7 °C in
July (Fig. 3). The relatively low sensitivity of electrical conductivity is
at least in part due to decreasing solubility or increasing saturation of
some dissolved salts like gypsum with an increase in water
temperature.
On the other hand, the negative correlation between d-excess and
electrical conductivity of river waters may be induced by varying
degrees of mixing between upstream concentrates and downstream
local fresh runoff. The river water upstream is featured by larger
electrical conductivity and more negative values of d-excess while the
local fresh runoff is featured by lower electrical conductivity and larger
values of d-excess. The degree of water mixing is reﬂected by
variations in electrical conductivity and d-excess of river water. As
above-mentioned, a sufﬁcient mixing of river water with reservoir-
released water would lead to the relatively small variations in
electrical conductivity and d-excess of water samples from the reaches
between Malaga and Coyanosa in July 2005 (Figs. 3d and 7).
6. Conclusions
The results of this study show that the surfacewaters from the Pecos
River contain a wide range of variations in stable isotopic composition,
with δ18O ranging from −8.9‰ to 3.6‰ and δD from−64.5‰ to 1.6‰. The
average value of δ18O in thewaters is around −3‰, which is signiﬁcantly
larger than that of snowmelt but almost identical to that of monsoonal
rainfall. On the other hand, the average value of δD is −30‰, which is
signiﬁcantly larger than that of snowmelt but lower than that of
monsoonal rainfall. This allows us to employ the dual isotope indexof d-
excess for evaluating various hydrological components and processes.
On the basis of isotopic composition of river water, the Pecos River
may be separated by three subbasins, namely the upper basin, the
middle basin, and the lower basin. The river water from the upper
basin contains relatively low values of δ18O and δD and relatively high
values of d-excess (d=10‰) indicating thedominance of snowmelt and
minimal effects from evaporation. Themiddle basin is topographically
gentle and severely disturbed through water impoundments and
diversions. As a result, the isotopic composition of river water is quite
variable, depending its time, location and the degree of disturbances.
The isotopic composition of river water from the middle basin
generally increases from upstream to downstream and from cold to
warm seasons. The lower valley contains water with relatively high
values of δ18O and intermediate values of d-excess (d=3.8‰).
It is the d-excess that enables us to estimate the relative contribution
of various hydrologic components and/or processes that shape the
stream hydrology. Using a simple d-based model, we estimated that
therewasupto85%of streamﬂowderived from local freshwater sources
(mainly from the Mexican monsoonal rainfall) in the lower valley and
that there was up to 33% of stream water lost through evaporation
occurring in stream channels and ﬁelds of the middle basin.
Lastly, the relatively strong relationship between d-excess and
electrical conductivity further attests that the evaporative enrichment
is an important process that regulate the isotopic and geochemical
composition of riverwater. The results of this study further demonstrate
the applicability of d-excess in hydrological investigations.
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